A Summary Purpose-It is commonly assumed that antiepileptic drugs (AEDs) act similarly in the various parts of the brain as long as their molecular targets are present. A few experimental studies on metabolic effects of vigabatrin, levetiracetam, valproate, and lamotrigine have shown that these drugs may act differently in different brain regions. We examined effects of chronic treatment with levetiracetam or phenytoin on mRNA levels to detect regional drug effects in a broad, nonbiased manner.
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Epilepsy; mRNA; Transcription; Antiepileptic drugs; Brain region Identification of molecular targets in the brain has been a main focus of the research into mechanisms of action of antiepileptic drugs (AEDs). Much less effort has been put into investigating whether AEDs may have distinct regional effects in the brain. It appears to be a common assumption that AEDs act similarly in the various parts of the brain as long as their molecular targets are present. However, if AEDs have regional rather than global effects in the brain, such information could be useful in clinical decision-making. A few studies have shown that vigabatrin, levetiracetam, valproate, and lamotrigine may have regional, for example, hippocampal, rather than global effects in rat brain, as could be seen as changes in levels of proteins and amino acids involved in neurotransmission (Löscher & Hörstermann, 1994; Löscher et al., 1996; Hassel et al., 2001a,b) .
We chose to study two AEDs with different molecular targets. Levetiracetam binds to the synaptic vesicle protein SV2A , which may be involved in the filling of synaptic vesicles at glutamatergic synapses (Budzinski et al., 2009) , to N-type calcium channels (Lukyanetz et al., 2002) , and it has been shown to augment γ-aminobutyric acid receptor A (GABA A ) and glycine receptor activity by inhibiting the binding of zinc and βcarbolines (Rigo et al., 2002) . Phenytoin binds to the batrachotoxin site located on several of the sodium channel alpha subunits (Worley & Baraban, 1987 ; for reviews see Tunnicliff, 1996; Catterall et al., 2005) , and it also inhibits binding of zinc and β-carbolines to GABAa and glycine receptors (Rigo et al., 2002) . Furthermore, the two drugs have different clinical profiles. Levetiracetam is effective in myoclonus epilepsy (Krauss & Mathews, 2003; Kälviäinen et al., 2008) , whereas phenytoin, which is effective in several types of epilepsy, is generally less effective or even detrimental in myoclonus epilepsy (Prasad et al., 2003; Kälviäinen et al., 2008) . To identify regional effects of chronic treatment with the two drugs, we monitored alterations in mRNA levels in frontal cortex, hippocampus, and pons/medulla oblongata by oligonucleotide-based microarrays. We used the microarray technique as a broad, nonbiased method to detect responses of the brain regions to chronic AED exposure, rather than to infer mechanisms of action of the AEDs from the identity of the genes whose expression was changed. Therefore, our goal was not to search for epilepsy-related genes per se. Previous studies have shown that changes in mRNA levels sometimes do not translate to the protein level (e.g., Bough et al., 2006) . However, because gene expression is subject to regulation through intracellular signaling pathways, effects of AEDs on gene expression may reflect effects on intracellular signaling, either directly, or indirectly, for example, through action on neurotransmitter receptors or ion channels.
METHODS

Animal handling
The animals were female Wistar rats (Taconic, Ry, Denmark), 80 days old, and approximately 200 g at the start of the study. Ambient temperature was 21°C, humidity was 55%, the light/dark cycle was 12 h, and each cage was shared by three animals, which received levetiracetam, phenytoin, or control treatment (see subsequent text). Rats had free access to chow (Rat and mouse no. 3 breeding, SDS, Witham, UK) and tap water that had been rinsed by reverse osmosis and ionic exchange. The study adhered strictly to institutional and national ethical guidelines for animal research.
Levetiracetam and phenytoin were dissolved at 45 and 22.5 mg/ml, respectively, in sucrose 2 mol/L, with parabens 0.1% (weight/volume) as preservative. The control solution was 2 mol/L sucrose with parabenes only. The animals were fed perorally through a gastric tube with levetiracetam 150 mg/kg, phenytoin 75 mg/kg, or control solution (3.33 ml solution/kg) twice daily (6 a.m. and 4 p.m.) for 90 consecutive days to achieve chronic treatment. These doses produced clinically relevant serum concentrations in a pilot study. Although the antiepileptic effects of these drugs are evident upon acute treatment, we chose to study the steady-state effects on gene expression to reveal the effects of chronic exposure. A separate group of rats that received half the levetiracetam dose was included for measurement of serum levetiracetam levels. Four hours after the last dose of the AED, the animals were anesthetized deeply with phenobarbital, and blood was drawn from the inferior vena cava for determination of drug levels. Control animals were treated in the same way. The animals were decapitated within 1 min after administration of phenobarbital; the brains were removed and the frontal neocortical poles, the hippocampus, and the pons plus medulla oblongata were dissected rapidly on ice and stored at −70°C until analysis. The brainstem was isolated by cutting at the upper border immediately above the pons, with the lower border defined by the level of foramen magnum; therefore, the tissue sample included the entire medulla oblongata and pons but not the mesencephalon. The hippocampal specimen consisted of the entire hippocampal formation, including the dentate gyrus. Frontal cortex was dissected from the frontal pole without the underlying white matter.
Microarray analysis
Seven animals from each group were used for microarray analysis. Total RNA from each of the three regions was extracted with Trizol and subjected to on-column DNAse digestion over Qiagen RNeasy columns (Qiagen, Valencia, CA, U.S.A.). RNA was quantified by absorbance at 260 nm. For quality control a portion of each sample (100 ng RNA) was reverse transcribed. Real-time polymerase chain reaction (PCR) for neuronal enolase was performed on 5-ng RNA equivalent of each cDNA sample; cycle thresholds ranged between 18 and 22 cycles for the 63 samples. An additional 5-ng RNA equivalent was subjected to 35-cycle PCR for GluR2 transcripts; all samples produced intense single bands on an agarose gel. These tests indicated that the RNA samples were of sufficient quality. RNA samples (10 μg) were sent to the National Institute of Neurological Disorders and Stroke-National Institute of Mental Health (NINDS-NIMH) Affymetrix Microarray Consortium (TGEN, Phoenix, AZ, U.S.A.) for probe generation, hybridization to rat GeneChips (genome RA230.2 from Affymetrix, Santa Clara, CA, U.S.A.), and GeneChip scanning. Global scaling of the derived intensities brought the overall intensities of each cell to a similar target value of 190.
The relative abundance of each probe set and an evaluation of whether a particular transcript was expressed above background were calculated for each sample using Microarray suite (MAS 5.0; Affymetrix). We reassigned the original Affymetrix probe sets of the rat RA230.2 chip (>31,000 total probe pairs) to gene names according to Dai et al. (2005) , who updated the probe assignments from the original UniGene build 99 used by Affymetrix to UniGene build 154 (http://brainarray.mbni.med.umich.edu/Brainarray/Database/ CustomCDF/genomic_curated_CDF.asp). In this process, probe sets belonging to the same genes were pooled into one gene identifier, and probe sets targeting the noncoding strand were eliminated. Together with the new UniGene build, this reduced the number of apparently unique transcripts represented on the chip from 31,041 to 16,165.
Each spot on an individual chip was determined by discrimination scores of the signal intensities to be present, marginally present, or absent using a one-sided Wilcoxon signed rank test. We selected genes for subsequent analysis if signal intensities were significantly above background (i.e., called "present") in at least all but one of the arrays tested in each group.
The hierarchical clustering routine of the GenePattern program (http://www.broad.mit.edu/ cancer/software/gene-pattern/) was used to evaluate region-specific changes in gene expression in rats treated chronically with levetiracetam or phenytoin. The hierarchical clustering algorithm utilized Euclidean distance measures, with the mean of each row subtracted. Hierarchical clustering does not require preselection of transcripts that meet statistical significance for differential expression, but rather considers all transcripts that are expressed above background.
Sixty of 63 microarrays showed >95% correlation between the replicates within a group and met all other Affymetrix quality control standards. One microarray each from the frontal cortex control group, the pons/medulla phenytoin group, and the hippocampus phenytoin group were recommended by TGEN for omission from analysis based on low hybridization quality.
We compared two statistical methods to identify differentially expressed transcripts. First, the Significance Analysis of Microarrays (SAM) program (http://www-stat.stanford.edu/ tibs/SAM) (Tusher et al., 2001 ) was used to determine differences in patterns of gene expression between vehicle and drug-treated groups at a 1% false discovery rate. Second, for a given brain region, genes expressed above background in at least all but one of the rats in at least one of the three treatment conditions (control, levetiracetam, and phenytoin) were selected. From this subgroup, genes were eliminated from consideration if they had <50% increase or 33% decrease in expression, as determined from the mean values. This criterion eliminated many transcripts that are evenly expressed throughout all nine groups, and thus increased the power with which differential expression could be detected. A oneway analysis of variance (ANOVA) parametric test was performed not assuming equal variances, with the false discovery rate set at 1% by the method of Benjamini and Hochberg (1995) . Both approaches yielded similar patterns of differential expression across regions and drugs, although SAM typically identified a larger number of transcripts (some with small changes in expression). We decided to use the more stringent ANOVA approach for subsequent analysis.
AED analysis in plasma
The plasma level of phenytoin was analyzed by a radioimmunoassay (L'Estrange Orme et al., 1976) . The plasma level of levetiracetam was measured by high performance lipid chromatography (HPLC) and ultraviolet (UV) detection (Ratnaraj et al., 1996) .
RESULTS
Evaluation of microarray data
Approximately 60% of the 16,165 unique probe sets on the Rat 230.2 GeneChip were flagged present (MAS 5.0) in at least all but one of the samples for each condition (Table 1) . Low variability was generally observed between animals within a group, with the coefficient of variation of the expression level about 15% in each of the nine groups. The complete dataset can be found on the Gene Expression Omnibus (GEO) website http:// www.ncbi.nlm.nih.gov/geo/, dataset GSE2880. Plots of the mean control signal for abovebackground transcripts against the mean drug signal were linear with correlation >99% in all cases, indicating that the expression level for most transcripts was not changed by either drug. Likewise, histograms of the log2 expression ratios for all transcripts expressed above background were Gaussian with a mean log2 ratio = 0.0 ± 0.01 for each of the three treatment conditions examined in the three brain regions sampled.
Drug-and region-specific changes in gene expression
Expressed transcripts were clustered into three broad categories corresponding to each of the three brain regions sampled (Fig. 1A) . The two cortical regions (hippocampus and frontal cortex) clustered together expectedly against the pons/medulla. Within the two cortical regions, chronic phenytoin appeared to cause more extensive changes in expression than chronic levetiracetam, whereas the opposite was the case in pons/medulla (Fig. 1A) . These results suggest that chronic treatment with phenytoin or levetiracetam causes distinct transcriptional changes in each of the three brain regions. We explored this in more detail by identifying the number of differentially expressed genes in each condition.
Only a minority of the expressed transcripts (between 0.5% and 5.0% in the different conditions) exhibited mean expression >150% of control or <67% of control after chronic drug treatment (Table 1) . Of these genes, statistical evaluation of expression ratios by ANOVA showed that levetiracetam treatment changed the expression of 65 genes in the pons/medulla (Table 1) . Differentially expressed transcripts occurred over a 100-fold range of control expression levels (see Fig. 1B , which illustrates this point with the effect of levetiracetam on gene expression in the pons/medulla), further confirming the unbiased nature of the microarray results. In contrast to levetiracetam, phenytoin treatment changed the expression of only three genes in pons/medulla, but had a much broader effect on frontal cortex than levetiracetam (327 genes vs. 1 gene, respectively, Table 1 ). Similarly, the response of the hippocampus to phenytoin treatment was much broader than that to levetiracetam (Table 1) . No transcripts were affected by both lev-etiracetam and phenytoin in all three regions, and very few were affected in more than one brain region by either drug (Fig. 1C) . These findings together demonstrate a regionally specific, transcriptionally distinct response to chronic treatment with either drug.
Categorical analysis of differential gene expression after chronic AED treatment
Chronic levetiracetam treatment caused a change in the expression of 65 genes in the pons/ medulla, 41 of which are currently assigned formal gene symbols or could otherwise be identified. These were sorted into six broad functional categories (Table S1 ): (1) ion channels, transporters and extracellular signaling: (2) intracellular signal transduction; (3) transcription/translation; (4) replication/DNA repair; (5) cytoskeleton/cell adhesion; and (6) metabolism. Chronic phenytoin treatment altered expression of 153 identified genes in frontal cortex and 31 in hippocampus, which were sorted into functional categories as above (Tables S2 and S3 ). Chronic treatment with levetiracetam or phenytoin caused insignificant changes in expression level of SV2A or one prominent target of phenytoin in the brain, SCN1A; expression changes ranged from 91-115% of control in the three regions (data not shown).
Serum concentrations of AEDs, weight gain
Four hours after the last dose of levetiracetam, that is, at the time of death, serum levetiracetam was 259 ± 29 μM [mean ± standard error of the mean (SEM)]. In a group of animals that received half the dose of levetiracetam, 75 mg/kg twice daily, serum levetiracetam was 119 ± 20 μM. Serum phenytoin was 74 ± 12 μM 4 h after the last dose of phenytoin. These values are similar to therapeutic plasma concentrations reached in humans (Johannessen et al., 2003; Joerger et al., 2006) . There was no difference between the groups with respect to weight gain. At the beginning of the study levetiracetam-treated, phenytoin-treated, and vehicle-treated animals weighed 199 ± 10, 198 ± 9, and 196 ± 9 g, respectively. At the end of the 90-day study period they weighed 253 ± 20, 249 ± 10, and 248 ± 16 g, respectively. All animals tolerated the treatment and the gastric tube feeding without any signs of discomfort. There was no reduction in motor activity or any observed changes in thriving of the animals.
DISCUSSION
Treatment with levetiracetam or phenytoin leads to distinct regional patterns of changes in gene expression
We show here that chronic levetiracetam treatment causes regional changes in gene expression that are different from those caused by phenytoin treatment. Whereas phenytoin treatment influenced gene expression primarily in hippocampus and frontal cortex, levetiracetam treatment caused changes predominantly in pons/medulla oblongata. The latter finding confirms and extends that of Gu et al. (2004) , who found very little effect of longterm levetiracetam treatment on gene expression in temporal cortex and hippocampus.
Pons and medulla oblongata contain several nuclei that might be of importance in epilepsy. Noradrenergic and serotonergic nuclei in pons and medulla oblongata project to the forebrain, including hippocampus (Walling & Harley, 2004; Hensler, 2006) , and they have been shown to modulate seizure activity (Racine & Coscina, 1979; Bengzon et al., 1990; Noebels & Rutecki, 1990; Janumpalli et al., 1998; Raisinghani & Faingold, 2005) . Although we do not know whether these nuclei responded to levetiracetam therapy with alterations in gene expression, and although the pons/medulla sample is heterogeneous with respect to neuronal populations, the present findings raise the question whether levetiracetam owes some of its antiepileptic or adverse effects to a primary action in the brainstem. The effect of phenytoin on gene expression in frontal cortex and hippocampus agrees with its therapeutic effect on epilepsies that originate from foci in these structures and on epilepsies with generalized onset (Tudur Smith et al., 2002) . An effect of phenytoin on the firing pattern of cortical neurons could, for example, result in broad adjustments to synaptic activity that is reflected in the pattern of gene expression. With respect to adverse effects of chronic AED treatment one may speculate that the cognitive deficits more often commented upon after chronic treatment with therapeutic levels of phenytoin than with levetiracetam (Brunbech & Sabers, 2002; Shannon & Love, 2007) might be related to a broader influence of chronic phenytoin on gene expression in cortex and hippocampus. It must be emphasized, however, that our studies were done with normal rather than epileptic rats; the epileptic phenotype may entail a difference in the response to AEDs.
Does "region of action" correspond to localization of molecular targets?
The antiepileptic effects of phenytoin and levetiracetam are thought largely to be mediated through their actions on sodium channels and the synaptic vesicle protein SV2A, respectively (Worley & Baraban, 1987; Lynch et al., 2004) ; however, chronic treatment with levetiracetam or phenytoin caused no changes in expression levels of sodium channel subunits or of SV2A. Changes in mRNA levels after AED treatment reflect effects of AEDs on signaling pathways that regulate transcription or mRNA stability. Some of these changes could be a consequence of the interaction of the AEDs with their known molecular targets and the resultant change in neuronal excitability. Neuronal activity influences gene expression (e.g., Hong et al., 2004) and drugs that modify neuronal activity through interference with ion channels or neurotransmission would be expected to affect gene expression in ways related to their molecular targets. Phenytoin blocks sodium channels by binding to the batrachotoxin site located on several of the sodium channel alpha subunits (Worley & Baraban, 1987 ; for reviews see Tunnicliff, 1996; Catterall et al., 2005) , a property that is not shared with levetiracetam (Zona et al., 2001; Niespodziany et al., 2004) . The batrachotoxin binding site is abundant in cerebral cortex and in subregions of hippocampus, but it is scarce in pons and medulla oblongata (Worley & Baraban, 1987) . Therefore, the regional effect of phenytoin on gene expression corresponded to the distribution of its molecular target.
The synaptic vesicle protein SV2A, which has been identified as a levetiracetam binding site , binds levetiracetam in cerebral cortex, hippocampus, and pons (Fuks et al., 2003) , but only in pons was gene expression broadly affected in our study. Levetiracetam has also been shown to augment GABA A and glycine receptor activity by inhibiting the binding of zinc and β-carbolines (Rigo et al., 2002) . The glycine receptor is expressed at higher levels in medulla oblongata and pons than in cortex and hippocampus (for review, see Bechade et al., 1994) . It is doubtful, however, that levetiracetam caused major changes in gene expression through modulation of glycine receptors, since phenytoin, which had very little effect on gene expression in pons/medulla oblongata, modulates the glycine receptor in the same way (Rigo et al., 2002) . Finally, levetiracetam inhibits N-type calcium channels (Lukyanetz et al., 2002) , but these are highly expressed in the hippocampus (Westenbroek et al., 1992) , where levetiracetam had only marginal effects on gene expression. Therefore, levetiracetam-induced regional changes in gene expression are not closely associated with the distribution of known levetiracetam binding sites, a finding that suggests that levetiracetam may have additional molecular targets in the brain, or that the consequence of its binding to known molecular targets is regionally different.
The finding that neither of the drugs tended to affect expression of the same genes in multiple brain regions suggests that the drugs affected distinct intracellular pathways in different brain regions. Regional expression of drug-extruding proteins in the blood-brain barrier (P-glycoprotein) could theoretically influence the regional pattern of effect of AEDs. However, long-term treatment with phenytoin does not appear to induce P-glycoprotein in nonepileptic rats (Seegers et al., 2002) , although phenytoin may be extruded from the brain in a region-specific manner in epileptic rats (van Vliet et al., 2007) . Levetiracetam does not appear to be a substrate of P-glycoprotein van Vliet et al., 2008) .
The present findings of regional effects of AEDs do not explain why levetiracetam is effective in myoclonus epilepsy while phenytoin is not (Krauss & Mathews, 2003; Prasad et al., 2003; Kälviäinen et al., 2008) ; however, the region-specific effects of the drugs on gene expression may contribute to the drugs' clinical profiles. Knowledge about regional effects of AEDs in the brain may become important in the tailoring of antiepileptic therapy to treat focal epilepsies or to avoid side effects that are related to regional effects of AEDs.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Hierarchical clustering of transcript expression levels in three brain regions of rats chronically treated with levetiracetam or phenytoin. P, phenytoin; L, levetiracetam; C, control treatment; H, hippocampus; F, frontal cortex; and pm, pons/medulla. Red indicates relatively high expression compared with blue (low expression), for a given gene across all conditions. Each row represents the color-coded, row-subtracted mean expression of transcripts in 6-7 rats within one treatment group. Each column represents a different gene. For this analysis 5,400 expressed transcripts were expressed above-background in each of the 9 datasets and were subjected to clustering; only a minority of these were differentially expressed (ANOVA with false discovery rate (FDR) <.01, Table 1 ). Approximately half the expressed genes were excluded from this analysis because their expression levels were very similar across all conditions. (B) Differentially expressed transcripts occurred over a 100fold range of control expression levels, indicating that the magnitude of expression change of significantly different transcripts was not dependent on mean control signal intensity. (C) Nearly nonoverlapping profiles of differentially expressed genes in pons/medulla (pm), hippocampus (hipp), and frontal cortex (ctx) of rats fed levetiracetam (L) or phenytoin (P). The number of common transcripts in each pair of conditions is shown. Epilepsia © ILAE
